Schematic of manipulation as a function of distance between magnet and liquid surface (h). The experiments were performed for a range of h: 1 mm, 2 mm, and 3 mm. (b) Side view of the setup to measure average velocities of gels toward a permanent magnet. (c) Under petri dish, black lines were marked to indicate the distances. Gels were placed at a distance 1.5 cm (measured from the center of magnet) in all cases. The distance between each black line is 1 cm. (d) After a gel was placed carefully, a cylindrical NdFeB magnet was inserted into the setup. The gel moved towards the magnet and stopped under the magnet. Without the suspension liquid (PBS), the original height between bottom surface of magnet and bottom of petri dish was set as 1 cm. By calculating total volume of suspension medium, the gap between bottom surface of magnet and the surface of medium was controlled. Figure 2 . A single PEGDMA gel was placed at 1.5 cm apart from the center of magnet. Once the magnet was fixed, we recorded the motion of the gel towards the center of the magnet. The vertical distance between magnet and gel was controlled (1 mm, 2 mm and 3 mm). Average velocity is calculated by dividing the distance between initial and final location of the gel by the elapsed time. When the distance is decreased, the average velocity increased. This indicated that larger the vertical distance between the magnet and the gel, weaker the effect of radical magnetization. 200 mg/ml TEMPO was used for gel-magnetization. 30 60 120 0 50 100 150 200 Average Velocity (mm/sec) Vit.E incubation time (min) **
. With different Vitamin E incubation time, the calculated average velocity showed that the velocity decreased while the incubation time increased. This indicated that Vitamin E treatment diminished the effect of free radicals, reduced its magnetism, and made gels move slower. For 60 min Vitamin E incubation, only 2 out of 6 gels moved. After 120 minutes incubation, no gels moved under the magnet. Figure 5 . Guided self-assembly of hydrogels. Image of patterning chamber (a). Each well is a reservoir for red, blue, or green hydrogels. Linear shape assembled GelMA hydrogels with blue gel at the back (b), at the front (c), and in the middle (d) of assembly. For staining of hydrogels please see pg. 12 in the supplementary file. Linear shape assembled PEGDMA hydrogels with a black gel at the front (e), in the middle (f), and at the back (g) of assembly. Square shape assembled GelMA hydrogels with blue gel at the bottom left (h), top left (i), and top right (j) of assembly. Square shape assembled PEGDMA hydrogels with red gel at the bottom right (k), top right (l), and top left (m) of assembly. Hydrogel assemblies with heterogeneity in porosity (n&o). Composite gels composed of macro-and nano-porous gels (n&o). PEGDMA is abbreviated as PEG in the figure labels. Scale bar is 1 mm. Figure 6 . Paramagnetic assembly of (a) PEGDMA 20% and (b) PEGDMA 50% gels. PEGDMA 50% gels were assembled into more packed configurations, which can be due to larger capillary forces among PEGDMA 50% gels. Change in polymer concentration can change the contact angle between the suspending liquid and the hydrogel, and thus the meniscus forming between hydrogels in the assembly configuration, which in turn affects the gradients of liquid surface curvature and capillary forces. PEGDMA is abbreviated as PEG in the figure labels.
Supplementary

Supplementary Figure 7. Hydrogel assemblies with heterogeneity in mass density.
Assembly of glass bubble embedded gels (red) and normal gels (blue) (a). Glass bubbles have density of 0.46 g/cc while density of normal PEGDMA hydrogels is ~1 g/cc. Assembly of glass bubble embedded cross shape PEGDMA gels (red) and circular shape PEGDMA gel (black) (b). For both images, glass bubble is 50 w/v. PEGDMA hexagon hydrogels on the cover slip after fabrication (c). Supplementary Figure 8 . Layer-by-layer assembly of 3D constructs. Gels were assembled into complex 2D shape (step 1); and OptiPrep solution was drained out (step 2). Then we applied secondary crosslinking to stabilize the construct (step 3), and vitamin E treatment to switch off magnetization and recover any potential effect of radicals on cells (step 4). Then, embryo-tested mineral oil (ETMO) and OptiPrep solution were added consecutively (steps 5&6), which enabled assembled gels to stay at the bottom of assembly chamber. Then, another assembly was performed at the same location on the surface of liquid (step 7), and both liquids were drained (step 8). This process repeated once more, and a 3-layered gel was fabricated. Figure 9 . Immunocytochemistry staining of 3T3 encapsulating GelMA hydrogels. Hydrogels were soaked into (a&b) 10 mg/ml and (c&d) 30 mg/ml radical solution, and then Vitamin E solution. Cells in GelMA hydrogels were stained with Ki67 nuclear proliferation specific marker (red). Here, phalloidin Alexa Flour 647 (green) and DAPI (blue) are to show cytoskeleton and nuclei of cells, respectively. All experimental conditions were Ki67 positive indicating that encapsulated cells were proliferating after 7 days. Images at the left column (a&c) are with phalloidin and Ki67, right column (b&d) are with DAPI and Ki67. Scale bar is 100 m. Figure 10 . Viability of 3T3 cells incubated with different concentration of stable radical solutions: 10, 30, 90, 150 mg/ml and for a range of volume-to-volume ratio of radical solution to cell suspension volume: 1, 2, 5, 10, 50%. MTT assay was performed to analyze the viability of 3T3 cells immediately after incubation with different concentrations of stable radicals. Error bars represent 6 repeats of each case. Figure 11 . Cardiomyocyte encapsulating GelMA hydrogels. 20x magnification of radical + Vitamin E exposed gels. Cells were stained with mouse anti-α-actinin (sarcomeric) and anti-GATA-4. Actin cytoskeleton was visualized with phalloidin and DAPI was used as nuclear counter staining. All images were shown at day 10.
Supplementary
Supplementary Figure 12. Magnetic levitation setup.
A magnetic setup composed of two permanent NdFeB magnets in anti-Helmotz configuration (like poles facing each other) was fabricated at MIT Machine Shop. Setup was fabricated from aluminum due to its low magnetic interaction. (a) Front image of the magnetic setup. (b) Side view of the magnetic setup. Scale bar is 5 cm. The gap between two magnets was set to 2.6 cm during levitational guided selfassembly of hydrogels and beads. For instance, in 3.6 cm height chamber analysis, the beads did not start to assemble until 100 second, as the gap between two magnets is larger and magnetic forces acting on beads are smaller. There is a flat line before 75 seconds in the chart, which means no beads were assembled at before that time point. Please note that we placed 45 beads into the reservoir in all experiments. However, 2-3 beads in some cases did not follow a similar motion pattern with the other beads. We anticipate that this is due to the reported +/-% density differences among the beads by the manufacturer, which also explains why this is more frequently observed in the cases of larger distance between two mangets. While the gap between two magnets increase, magnetic forces become smaller, and sensitivity of the system to the density difference between beads and suspending solution increases. Therefore, few beads with different densities due to manufacturing variations do not move towards the minimum magnetic field strength, as opposed to majority of beads.
Supplementary Note 1
Antioxidants neutralize free radicals by accepting or donating an electron to eliminate the unpaired condition. Typically this means that the antioxidant becomes a free radical in the process of neutralizing a free radical to a non-free radical molecule. But the antioxidant will usually be a much less reactive free radical than the free radical neutralized. The antioxidant molecule may be very large allowing it to "dilute" the unpaired electron, it may be readily neutralized by another antioxidant and/or it may have another mechanism for terminating its free radical condition.
Free radicals can be listed by one-electron reduction potentials in milliVolts (mV). The reduced form of each radical is capable of neutralizing (reducing) free radicals having a higher potential. Hydroxyl radical (OH) has the highest potential, i.e. 2300 mV, and is the most destructive (reactive). The antioxidant we used (Vitamin E, (+)-α-Tocopherol acetate) has a radical reaction potential of 480 mV. Vitamin C (ascorbate) and glutathione are other strong antioxidants, which have a reaction potential of 282 mV and 920 mV, respectively. We chose Vitamin E, because it is the most effective antioxidant for terminating the chain reactions of lipid peroxidation in cell membranes 2 . A multiplicity of antioxidants (such as a combination of Vitamin E, vitamin C, glutathione, gamma-tocopherol, melatonin, lycopene) can be used to increase effectiveness of antioxidant treatment because different antioxidants are particularly effective for neutralizing specific reactive oxygen species (ROS) or reactive nitrogen species (RNS) 3 .
Here, once the gels are assembled via magnetic forces, they stay together due to capillary forces and stickiness of hydrogels. Additionally, after the assembly, secondary cross-linking was performed to stabilize the geometry. Vitamin E treatment was performed following secondary crosslinking and stabilization of assembled gels; therefore it did not affect the geometry of the assembly.
Supplementary Note 2
There is a transition from 10 mg/ml to 150 mg/ml. EPR spectra had three singlet at 10 mg/ml, and with the increase of radical concentration, singlet in between started to merge with the left and right singlet at 30 mg/ml, and formed into a symmetric singlet at 150 mg/ml. At high tempo concentrations, number of spins per unit volume is increased and spins are localized in PEGDMA gels. Moreover, the observed spectra are broadened, a pattern that indicates high local concentrations of the spin probe, i.e. Tempo. In different environments, e.g. engineered hydrogels with different polymer types and molecular weights, or for different radical concentrations as such here, alignment characteristic of spin probes can differ due to localization of spin probes 6 . For instance, spin-labelled cyclodextrin was incorporated into the cross-link points of polyethylene glycol/cyclodextrin hydrogels and EPR spectra of spin labelled gels were investigated as a function of PEG/b-CD ratio, the length of the PEG chain, the nature of solvent entrapped in the gel structure, and temperature 6 . Here, for 20% PEGDMA, 50% PEGDMA and 5% GelMA hydrogels, we showed that regardless of pattern change of singlets, area under the EPR spectra increased indicating increased amount of trapped radical and magnetic responsiveness of hydrogels.
Supplementary Note 3
Ultimate shape control depends on the radical amount used in the soaking solution. Theoretically excessive amount of radicals would cause to amplified magnetic susceptibility of micro-components, i.e. gels, and therefore more responsiveness of gels to magnetic fields regardless of distances between each gel and permanent magnet. This would lead to decreased control over motion of individual gels (numerous gels move simultaneously towards high magnetic fields strength) and switch of our approach from "guided self-assembly" to "selfassembly". On the other hand, limited use of radicals allows us to control gels one-by-one and also minimize their potential negative effects on cells before vitamin E treatment for biological applications. Additionally, to stabilize the ultimate overall shape of the assembly, we first drain out the reservoir liquid and then perform a secondary crosslinking, which attaches each component to neighbor component forming the assembly.
Supplementary Note 4
For a relatively diamagnetic hydrogel unit suspended in a paramagnetic solution under an applied magnetic field, , equation (1) gives the magnetic force, , and equation (2) gives the force of gravity, , acting on the gel 4 .
In these equations, is the non-dimensional magnetic susceptibility of the paramagnetic medium and is the non-dimensional magnetic susceptibility of the suspended hydrogel, (N.A -2 ) is the magnetic permeability of free space, (m 3 ) is the volume of the gel, (kg.m -3 ) is the density of the gel, (kg.m -3 ) is the density of the paramagnetic medium, and is the vector of gravity. Please note that here we assume that hydrogel unit has a homogeneous density distribution and magnetic susceptibility throughout its volume. The gravitational force (corrected for the effect of buoyancy), , is always directed to or away from the center of the Earth, and the magnitude of this force does not depend on the position of the hydrogel unit inside the reservoir as long as the densities of the paramagnetic medium and the hydrogel unit remain constant for the duration of the levitation experiment. The magnetic force acting on the relatively diamagnetic hydrogel unit, , is directed towards the minimum of the magnetic field, , and the magnitude of this force depends on the position of hydrogel unit in the field. In a transient case (i.e. before hydrogel unit reaches equilibrium point where magnetic forces balance with the gravity force), inertial forces, i.e. the term at the left in equation (3), and drag force, , which is correlated with the migration velocity of hydrogel, equation 5, will be active as described in equation 3. At equilibrium, the drag and inertial forces vanish, and the magnetic and gravitational forces acting on the hydrogel unit will balance each other (equation 4).
(3)
The exact analytical expression describing the magnetic field between two identical rectangular permanent magnets in an anti-Helmholtz configuration in 3D is fairly complex. In a 3D Cartesian coordinate system in which the z-axis is aligned with the direction of the vector of gravity, g = (0, 0,−g), the balance of forces simplifies to yield equation 8, because these forces balance each other only along the z-axis,
Along the centerline, the absolute value of the third term ( ⁄ ) in equation 8 is at least 10 3 times larger than the absolute value of the sum of the first and second terms (
With the magnets we used (NdFeB, 5 cm × 5 cm × 2.5 cm), varies virtually linearly with z (the distance from the surface of the bottom magnet), from a maximum of at the surface of the bottom magnet (z = 0) to a minimum of at the surface of the top magnet (z = d), if the separation between the magnets, d, is less than or equal to approximately 45 mm 5 . Because of this linearity, we can approximate the magnetic field along the centerline with equation 10.
Dependence of Levitation Height (z eq ) on distance between magnets (d)
We solved equation 8 using the explicit expression for the magnetic field (equation 10) to find the equilibrium point, (m), between the two magnets where the force of gravity and the magnetic force acting on the hydrogel unit balance each other (equation 11).
( )
Equilibrium height as a function of distance between object and surrounding medium is plotted in Supplementary Figure 13 .
Supplementary Note 5
The presented permanent magnet-based approach has unique characteristics that make it broadly applicable and versatile: i) There is no need for any external power or electricity. ii) Creating patterns of magnetic field gradient with permanent magnets and guiding self-assembly of components from their reservoirs are easy and inexpensive (NdFeB magnets cost ~$25 each). iii) Based on initial soaking radical concentration of each component, magnetic susceptibilities and thus responses to magnetic field can be manipulated. Additionally, size and composition of components can be varied, which affect drag forces exerted on floating components, which in turn affects actuation speed of components. Therefore, a number of components can be manipulated in parallel by permanent magnets. iv) The presented guided and magnetic self-assembly strategy makes it possible to align, position, and pattern materials at scale of many hundreds of microns to millimeter into functional three dimensional (3D) structures with heterogeneous density, elastic modulus, and porosity in a contact free manner. v) For levitational assembly, density can be easily changed, e.g. by changing the polymer percentage of hydrogels, which in turn equilibrates gels at different levitational heights in 3D space. Additionally, density can be engineered in a spatially heterogeneous manner within hydrogel blocks to change their equilibrium orientation in 3D. vi) For diamagnetic levitational and paramagnetic actuation, assembly takes place in a fluid and at the interface of liquid and air, respectively, and therefore objects do not need to contact solid surfaces. Furthermore, fluid medium excludes stiction, contact adhesion, dry friction, and static charging. vii) Levitational assembly can be performed inside a completely closed chamber.
Here, using the permanent magnet system, we create constant magnetic field lines and thus, a minimum magnetic field strength location which is spatially constant and dictates the levitation heights of hydrogels or beads. By using alternating current, the magnetic field can be changed in direction and intensity, as well as minimum field strength location. Alternating magnetic field in principle may add new capabilities such as changing levitation height over the time. In the literature, alternating magnetic fields were widely used to heat superparamagnetic particles by Neel relaxation and create localized heated spots 1 . In the applications presented here, we don't see any significant advantage of using alternating magnetic fields, but it can provide a similar capability to levitate hydrogels or beads. In addition, permanent magnets are both portable and inexpensive (NdFeB magnets cost ~$25 each) to fabricate, and does not require additional external equipment compared to alternating magnetic field setups.
Supplementary Methods
Hydrogel Staining
Following fabrication of hydrogels, 1% (w/v) dye (Procion, Mx dye) solution was pipetted on top of hydrogels. After 30 min, cover slips with hydrogels were gently washed twice with PBS. The dye is composed of small molecules and has a minor interaction with the polymer. The dye demonstrated enough interaction to stay for sufficiently long time in the hydrogel for the assembly process.
Radicalized GelMA hydrogel fabrication for EPR measurements
A cover slip was placed under PMMA mold (1.5 mm height; 3 cm x 3 cm square) with a cavern (3 mm diameter; circular) in the center. Cylindrical GelMA gel was fabricated by filling GelMA prepolymer solution (5% w/v; dissolved into PBS) into the mold. Another cover slip was then placed onto PMMA mold. UV light (6.9 W/cm 2 ; at a height of 50 mm above the mold) was applied for 30 seconds to achieve crosslinking within photo-crosslinkable GelMA prepolymer solution. After cover slips were removed, solid cylindrical PEGDMA gel was obtained. Stable radical (4-Amino-Tempo; SIGMA) solution (10 mg; 30 mg; 150 mg dissolved into 1 ml PBS) was prepared. Then, four cylinder GelMA hydrogels were separated into control and experimental groups: (i) Control: Place a GelMA hydrogel into a 35 mm x 10 mm Pyrex reusable Petri dish (Fisher Scientific) filled with 1 ml PBS for 10 hours, (ii) Experimental A: Place a GelMA hydrogel into a Petri dish filled with 10 mg/ml stable radical solution for 10 hours, (iii) Experimental B: Place a GelMA hydrogel into a Petri dish filled with 30 mg/ml stable radical solution for 10 hours, (iv) Experimental C: Place a GelMA hydrogel into a Petri dish filled with 150 mg/ml stable radical solution for 10 hours. Four GelMA hydrogels were then placed into the tubes for electron paramagnetic resonance (EPR) measurements.
Mold fabrication for gels for EPR
The mold for cylindrical gels was designed and fabricated by laser cutter (VersaLaser TM , Scottsdale AZ). PMMA (1.5 mm height; 3cm x 3 cm square) was cut by laser cutter, forming 3 mm diameter cylindrical cavern in the center.
The mold for square gels was designed and fabricated by laser cutter (VersaLaser TM , Scottsdale AZ). PMMA (1.5 mm height; 2 cm x 2 cm square) was cut by laser cutter, forming 1 cm 2 square cavern in the center.
Fabrication of chambers for paramagnetic assemblies
All chambers with different shapes and channels were constructed with two layers of 3 mm PMMA and one layer of 150 μm thick double-sided adhesive (DSA), cut by laser cutter (VersaLaserTM, Scottsdale AZ). Chambers and channels were filled with 20% v/v Optiprep dissolved in PBS and 0.001% v/v Tween 80 solution. Stained and radicalized hydrogels were assembled one-by-one to form different configurations by Neodymium magnets (1.2 x 2.4 cm, K&J Magnetics, CA) placed above the gels. The celtic-shaped chamber was composed of three circular reservoirs connected to rectangular channel. The swirl-shaped chamber was composed of four circular reservoirs connected to square channel in the center. The claw-shaped chamber was composed of three circular reservoirs converged to rectangular channel on the left. The tree branches-shaped chamber was composed of five circular reservoirs converged to rectangular channel on the left.
Fabrication of glass bubble encapsulating lighter gels
50% w/v glass bubbles (3M™, Glass Bubbles S38HS) were added into 50% w/v PEGDMA prepolymer solution (with 1% w/v photoinitiator (PI), Irgacure 2959; CIBA Chemicals). 40 μl PEGDMA prepolymer solution was pipetted to spacers (cover slip 25 x 25 mm 2 , thickness: 150 μm) on the backside of 95 mm x 15 mm Pyrex reusable Petri dish (Fisher Scientific). Another cover slip was placed onto the droplet. A photomask (1 mm x 1 mm; square) was set on the cover slip between the UV light and prepolymer droplet. Microgels were fabricated by applying UV light (2.9 W/cm 2 ; at a height of 50 mm above the microgels) for 20 seconds. Then, photomask and cover slip were removed, and square, ivory colored PEGDMA microgels were formed.
Mechanical Testing
To evaluate the effect of heterogeneous porosity on the mechanical properties of the hydrogel, compression tests were performed by using ADMET eXpert 2600 dual column testing machines (Norwood, MA, USA). We prepared 6 samples of each case below for the mechanical test:
Fabrication of macro-porous PEGDMA gel. 90% (w/v) sucrose embedded PEGDMA prepolymer solution including 2% (w/v) PI was poured onto a 300 m thick DSA mold (cavities shape) laid between two cover slips. The setup was exposed to UV light (360-480 nm) under the optimized parameters: 5 cm height between the light source and the setup, 6.9 W/cm 2 intensity, and 40 seconds crosslinking time. Then, the gels were all immersed within PBS, which was changed by every 10 minutes during 2 hours. After sucrose was leached out and macro-porous PEGDMA gels were formed (4.5 mm width of its cross section area), the gels were then stained by food dye for 1 hour.
Fabrication of nano-porous PEGDMA gel. 1% (w/v) PI was added into 50% (w/v) PEGDMA prepolymer solution. Then, 80 l prepolymer solution was pipetted onto a 300 m thick spacer, and covered by a cover slip. Circular-shaped photomask was placed upon the cover slip. The whole set up was exposed to UV light (360-480 nm) under the optimized parameters: 5 cm height between the light source and the setup, 6.9 W/cm 2 intensity, and 30 seconds crosslinking time. The circular-shaped gels (1 mm width of its cross section area) were then stained by food dye for 1 hour.
Fabrication of composite gel. Both macroporous and nanoporous PEGDMA gels were kept in 30 mg/ml TEMPO solution for 30 minutes after the staining. Neodymium magnet was used to assemble a X-shape, macro-porous PEGDMA gel with four circular 50% (w/v) nano-porous PEGDMA gels. After the assembly process, the swimming solution was pipetted out very slowly (300 l at a time, preventing potential disassembly of gels), until the assembled gels were settled down to the bottom of the reservoir. 40 l, 50% (w/v) PEGDMA prepolymer solution was pipetted onto the assembled gels, and second-crosslinking was performed. The cross-linked gels were covered by 10 ml PBS as the first layer, then with another 10 ml of mineral oil (Sigma-Aldrich) as a second layer. The same assembly was repeated at the same area above the previous assembly. The mineral oil and PBS liquid layers were then carefully pipetted out until the assemblies stacked together. 40 l, 50% (w/v) PEGDMA prepolymer solution was added to the assembled gels, which was placed onto a 600 m spacer. Then, another crosslinking was performed. After the residuals were removed, the composite gel was cut into a rectangular shape (4.5 mm width of its cross section area).
All hydrogel samples were compressed at a rate of 0.2 mm/min until failure occurred. The Young's modulus was determined as the slope of the initial linear region of the compressive stress-strain curve in the first 5-20% strain range.
Average velocity measurement for single magnetized hydrogel for a range of distances between gel and magnet
20% (w/v) PEGDMA prepolymer solution was prepared. Then, 1% (w/v) PI was added to the prepolymer solution. The mixed solution was incubated within 80 o C oven for 20-30 minutes, until PEGDMA and PI were well dissolved. 200 l prepared prepolymer solution was pipetted onto a 600 m-thick spacer, and a cover slip was placed upon prepolymer solution, forming a sandwich-like setup. The whole setup was exposed to 2.6 W/cm 2 UV for 30 seconds. A 1 mm x 1 mm square shape photomask was used for tuning the shape of hydrogels. After gelation, hydrogel slide was incubated within 1.2 M (200 mg/ml) TEMPO solution for 30 minutes. Then, washing the slide with PBS for 3 times, and staining the slide with red food dye (Procion  MX Dye, 030 Fire Engine Red) for 1 hour. A magnetized, stained small hydrogel building block was picked up and placed upon a medium mixed with Optiprep and PBS. The preparation of medium for maintaining the gel upon surface was achieved by adding 20% (v/v) Optiprep to 80% (v/v) PBS. The setup using for the experiment was fabricated by 3 mm thick PMMA, which was to fix the permanent magnet. The distance between the bottom surface of the magnet and petri-dish was set as 1 cm. 8.5 cm diameter; circular-shaped petri dish was used. Three different vertical distances: 1, 2, and 3 mm were set between magnet and hydrogel. 1 mm height (0.9 cm height of the total medium) controlled by filling 51.04 ml medium to the petri dish. 2 mm height (0.8 cm height of the total medium) controlled by filling 45.37 ml medium to the petri dish. 3 mm height (0.7 cm height of the total medium) controlled by filling 39.7 ml medium to the petri dish. For each experiment, a hydrogel was placed at 1.5 cm distance (measured from the center of magnet). After the magnet was inserted (and fixed), magnetized hydrogel started to move towards the magnet gradually due to its paramagnetic property. By recording the process, average velocities were obtained. After 6 repeats, traveling time was obtained (t=0 when magnet was fixed) and average velocity and its standard deviation was calculated and then plotted into chart.
Average velocity of Vitamin E-treated magnetized hydrogel
20% (w/v) PEGDMA prepolymer solution was prepared. Then, 1% (w/v) PI was added to the prepolymer solution. The mixed solution was incubated within 80 o C oven for 20-30 minutes, until PEGDMA and PI were well dissolved. 200 l prepared prepolymer solution was pipetted onto a 600 m-thick spacer, and a cover slip was placed upon prepolymer solution, forming a sandwich-like setup. The whole setup was exposed to 2.6 W/cm 2 UV for 30 seconds. A 1 mm x 1 mm square shape photomask was used for tuning the shape of hydrogels. After gelation, hydrogel slide was incubated within 1.2 M (200 mg/ml) TEMPO solution for 30 minutes. Then, washing the slide with PBS for 3 times, and staining the slide with red food dye (Procion  MX Dye, 030 Fire Engine Red) for 1 hour. Differently from the velocity analysis of previous experiment, 0.5 mg/ml Vitamin E was pipetted onto the gel slides after staining for 30 minutes, 1 hour and 2 hours (3 slides total), to investigate the effect of Vitamin E on free radical. After Vitamin E treatment, a hydrogel building block was placed upon a medium mixed with Optiprep and PBS. The preparation of medium for maintaining the gel upon surface was achieved by adding 20% (v/v) Optiprep to 80% (v/v) PBS. The distance between the magnet and the surface of medium was set to 1 mm. For each experiment, a hydrogel was placed at 1.5 cm distance (measured from the center of magnet). After 6 repeats, traveling time was obtained (t=0 when magnet was fixed) and average velocity and its standard deviation were calculated and then plotted into chart.
Levitation of beads in radical solution
Chambers of 1.5, 2.6 and 3.6 cm height were fabricated using 3 mm thick PMMA. 45 polystyrene beads (ChromoSpheres TM Red Polymer Microspheres) were first placed in Optiprep solution (Optiprep TM Density Gradient Medium, SIGMA). Then, we continuously added PBS into the Optiprep, until all beads were just about to sink toward to the bottom. 1.8 M (300 mg/ml) stable radical was added into the solution, well-vortexed and placed within 80 o C oven for 30 minutes, until TEMPO was dissolved within the solution. The beads and TEMPO solution was then pipetted to different height of PMMA chamber (45 beads in each chamber). Then, reservoirs were placed into the magnetic device and bead motions were recorded. Assembly area, defined as the rectangle area encased by the lines passing through the most outer beads, were calculated after image analysis. For 1.5 cm height chamber, assembled areas were calculated at t=0, 15, 30, 45, 60, 105, 135, 165 and 180 seconds. For 2.6 cm height chamber, assembled areas were calculated at t=0, 30, 70, 100, 130, 150, 190, 220, 250 and 300 seconds. For 3.6 cm height chamber, assembled areas were calculated at t=0, 30, 55, 75, 100, 120, 150, 180, 240, 270, 300, 330, 360 seconds (t=0 when the chamber was fixed between magnets).
